Aminopeptidases, which catalyze the cleavage of N-terminal amino acid residues in proteins and peptides, perform vital cellular housekeeping roles, and as such have been the targets of therapeutic intervention strategies in a range of diseases \[[@r3]\]. Aminopeptidase N (APN) belongs to the M1 family of peptidases and depends on a single zinc ion for activity; all members of the family exhibit an aminopeptidase activity. The catalytic zinc ion is bound by two histidines and a glutamate. The histidines are part of an HEXXH motif on one helix, with the glutamate located on another antiparallel helix \[[@r23]\]. The catalytic mechanism is believed to involve activation of a water molecule by the zinc ion. The glutamate of the HEXXH motif is important for catalysis, and a tyrosine residue may also be involved.

In parasite, *Plasmodium falciparum* M1 alanyl-aminopeptidase (*Pf*A-M1) is an enzyme involved in the terminal stages of hemoglobin digestion and the generation of an amino acid pool within the parasite. *Pf*A-M1 is essential for protein synthesis and metabolism of the parasite. The enzyme has been validated as a potential drug target since inhibitors of the enzyme block parasite growth *in vitro* and *in vivo* \[[@r16]\]. APN of another protozoan, *Eimeria tenella*, shares similarity with *Pf*A-M1; specific bestatin-derived APN inhibitors abrogate parasite development, rendering APN a valuable target for anticoccidiosis drugs \[[@r9]\]. *Cryptosporidium parvum* aminopeptidase N was found to be highly conserved when compared with other Apicomplexan aminopeptidases. The aminopeptidase was expressed in infective sporozoites and during the infection of human HCT-8 enterocytes \[[@r18]\]. As immunogenic antigens, two M1 type aminopeptidases of *Trypanosoma congolense* were identified by immunoprecipitation from infected trypan tolerant cattle. The aminopeptidases showed a distinct substrate preference for H-Ala-AMC, an optimum pH of 8.0, inhibition by bestatin and amastatin, and cytoplasmic localization. Down-regulation of both APs by RNAi resulted in a slightly reduced growth rate in procyclic parasites*in vitro* \[[@r20]\].

*Toxoplasma gondii* is a model protozoan \[[@r27]\]. *T. gondii* can also be used as a research model for malignant tumors according to the previous report \[[@r15]\], since the RH strain of *T. gondii* behaves as a protozoan equivalent of cancer. In human, APN plays an important role in many physiological or pathological processes, such as pain, regulation of blood pressure, tumor angiogenesis and metastasis \[[@r19], [@r28]\]. In contrast with normal cells, APN is overexpressed on the surface of tumor cells and degrades the extracellular matrix, thereby promoting tumor cell infiltration and metastasis \[[@r12]\]. It can thus be imagined that the study of toxoplasma proteins would not only benefit the development of anti-toxoplasmosis drugs, but may also help to better understand the origin of cancer.

According to the previous report \[[@r10]\] and sequence alignment in the ToxoDB, there are 3 APNs in *T. gondii* genome that belong to the M1 metalloprotease family (*Tg*APN1, *Tg*APN2 *and Tg*APN3). To date, no data are available on the biochemical activity characteristics of *Tg*APNs. Recent analysis of the *T. gondii* genome led to the identification of a gene encoding a new putative APN-like protease (*Tg*APN2) that belongs to the M1 metalloprotease family. In this study, this is the first report on the enzymatic activity of a recombinant *Tg*APN2 protein toward synthetic aminopeptidase substrates. Studying the catalytic properties of the enzyme may facilitate the understanding of biochemical characteristics of the M1 family metalloproteinases, and instigate the research and development of APN-targeting anti-toxoplasmosis drugs or other drugs.

MATERIALS AND METHODS {#s1}
=====================

Parasite strains and growth conditions
--------------------------------------

Tachyzoites of *T. gondii* RH strain were maintained in human foreskin fibroblast (HFFs) cells or Vero cells cultured in a Dulbecco's minimum essential medium (DMEM; GIBCO, Invitrogen, San Diego, CA, U.S.A.) supplemented with 8% heat-inactivated fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin at 37°C in a 95% air/5% CO~2~ environment. To purify *T. gondii* tachyzoites, parasites and host cells were washed in cold phosphate-buffered saline (PBS). The final pellet was resuspended in cold PBS and passed three times, and then passed through a 27-gauge needle. The parasites were finally passed through 5.0 *µ*m-pore filters (Millipore, Bedford, MA, U.S.A.) and stored at −80°C until use.

Sequence alignment and construction of a phylogenetic tree
----------------------------------------------------------

The signal peptide of *Tg*APN2 was predicted with the SignalP algorithm, and conserved protein domains were identified using the PFAM algorithm. The amino acid sequences of the following APN family members and several selected members of the M1 zinc metallopeptidase family were aligned using the BLAST program (GenBank accession numbers are indicated in parentheses): *T. gondii* (XP_008881821), *P. falciparum* (XP_001349846.1), *Neospora caninum* (XP_003884424.1), and *Homo sapiens* (NP_001141.2). The three-dimensional protein structure of *Tg*APN2 was predicted with the SWISS-MODEL (<https://swissmodel.expasy.org/>) \[[@r5]\]. The phylogenetic tree was computed using the MEGA (version 5) program with a Muscle alignment and the neighbor-joining method. Bootstrap values were calculated after resampling 10,000 times. The predicted APN sequences of *T. gondii* (TGGT1_224350A), *Cytauxzoon felis* (CF002488), *Eimeria acervuline* (EAH_00017220), *Eimeria maxima* (EMWEY_00046640), *Babesia bigeminy* (BBBOND_0208790), and *N. caninum* were obtained from the ToxoDB database [(http://toxodb.org/toxo/]((http://toxodb.org/toxo/)). The sequences of *E. tenella*, *P. falciparum*, and *H. sapiens* enzymes were obtained from the NCBI protein database.

Expression of rTgAPN2 in Escherichia coli
-----------------------------------------

*Tg*APN2 cDNA was amplified using the following primers: pET30aAPNFwd, 5′-GCTGATATCGGATCC[GAATTC]{.ul}AAACACCGCCTCGACTATAA-3′, and pET30aAPNRev, 5′-TTGTCGACGGAGCTC[GAATTC]{.ul}GGCGGTCCGTTCGGGTCCTT-3′ (*EcoR* I sites are underlined). The PCR product with a 5′-terminal His-encoding sequence was cloned into the pET30a vector (Takara, Dalian, China). Verified plasmids were used to transform *E. coli* BL21 strain. Liquid culture of transformed *E. coli* cells (1 *l*) was grown at 37°C until OD~600~ reached 0.5; the temperature was then reduced to 22°C, and protein synthesis was induced with isopropyl-β-[d]{.smallcaps}-galactoside (IPTG; 1.0 mM final concentration). After centrifugation, *E. coli* cells were resuspended in cold PBS and lysed by ultrasonic treatment. Purification of r*Tg*APN2 was performed using the nickel-nitriloacetic acid (NTA)-agarose (Qiagen, Valencia, CA, U.S.A.) according to the manufacturer's protocol. Briefly, cleared cell lysates were prepared in a buffer containing 50 mM NaH~2~PO~4~, 300 mM NaCl, 20 mM imidazole, 1 mg/m*l* lysozyme, 1 mM Na~3~VO~4~, 40 mM NaF, 100 *µ*M leupeptin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, and 0.05 TIU/m*l* aprotinin (pH 8.0); they were combined with 1 m*l* of nickel-NTA-agarose, rotated for 1 hr at 4°C, and then transferred onto a chromatography column. The r*Tg*APN2 nickel-NTA-agarose complexes were washed three times with 50 mM imidazole wash buffer (50 mM NaH~2~PO~4~, 300 mM NaCl, and 50 mM imidazole; pH 8.0) and eluted with 250 mM imidazole elution buffer (50 mM NaH~2~PO~4~, 300 mM NaCl, and 250 mM imidazole; pH 8.0). The His-Glutathione S-transferase (His-GST) nickel-NTA-agarose complex was purified using the same methods. His-GST and r*Tg*APN2 elution fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to determine the appropriate fractions for pooling. For SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the samples were mixed with an equal volume of sample buffer containing 10% beta-mercaptoethanol (5% final concentration) and thenboiled for 10 min. Proteins (20 *µ*g/lane) were run on 10% polyacrylamide slab gels and once the electrophoresis is over, SDS-PAGE gel will be stained in Coomassie Stain Solution for 1 hr. Finally, SDS-PAGE Destain Solution is used to destain Coomassie dye from the gel and the gel would be imaged. Proteins were dialyzed in a buffer containing 50 mM HEPES, 150 mM NaCl, and 10% glycerol, overnight at 4°C, and then aliquoted, and used biochemical assays. The concentration of purified r*Tg*APN2 was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific, Schwerte, Germany).

Enzyme activity assay
---------------------

Following the purification, protein activity was evaluated. The enzymatic activity of r*Tg*APN2 was determined with H-Ala-(4-methyl-coumaryl-7-amide) (H-Ala-MCA) as a substrate, using an EnSpire Multimode Plate Reader (PerkinElmer) at 355--460 nm. Different concentrations of the purified protein were added to 50 mM Tris-HCl buffer (pH 8.0) and pre-heated at 37°C for 20 min, and then the substrate (0.1 mM final concentration) was added. As the substrate was released, the fluorescence increased. All substrates were completely enzymatic, the fluorescence value reached the highest, the curve reached the plateau. Reactions containing only the GST were used as a negative control.

The effect of pH on enzyme activity
-----------------------------------

The pH of 50 mM Tris-HCl buffer was adjusted to different values. The specified amount of purified protein was added to the different pH buffers and pre-heated at 37°C for 20 min, and then the substrate H-Ala-MCA (0.1 mM final concentration) was added. The initial reaction velocities at different pH values were then measured and calculated.

The effect of metal ions on enzyme activity
-------------------------------------------

The cation sensitivity was investigated by assaying the activity of r*Tg*APN2 after pre-incubation at 37°C for 30 min in 50 mM Tris-HCl (pH 8.0) supplemented with a metal chloride (Co^2+^, Mn^2+^, Fe^2+^, Ni^2+^, Mg^2+^, Ca^2+^, Cu^2+^, or Zn^2+^; Sigma-Aldrich); the substrate was H-Ala-MCA (0.1 mM final concentration). The initial reaction velocities at different metal ions were then measured and calculated. To test the effect of metal ion chelation by EDTA on enzyme activity, the enzyme was pre-incubated with different concentrations of EDTA (0.5, 1, or 10 mM) for 30 min at 37°C before the substrate (H-Ala-MCA) was added.

The rTgAPN2 substrate fingerprint and determination of kinetic parameters
-------------------------------------------------------------------------

The substrate preference and *K*~m~, *k*~cat~, and *k*~cat~/*K*~m~ (*K*~m~, the Michaelis constant; *k*~cat~, the catalytic constant; *k*~cat~/*K*~m~, the second-order rate constant) values were determined as previously described \[[@r21]\]. Briefly, r*Tg*APN2 substrate specificity was assayed using a library of MCA substrates. r*Tg*APN2 activity was assayed in 50 mM Tris-HCl buffer (pH 8.0) at 37°C. The enzyme and substrate concentrations were 0.1 mM. The peptidase activity was monitored at 355--460 nm, and each kinetic assay was repeated three times. The average values and standard deviations (SD) were calculated.

Inhibition assay
----------------

To determine the inhibitory effect of bestatin and amastatin on peptidase activity, r*Tg*APN2 was pre-incubated with bestatin or amastatin for 30 min at 37°C before the addition of the ﬂuorogenic substrate H-Ala-MCA. Relative enzyme inhibition was assessed with different concentrations of bestatin or amastatin.

RESULTS {#s2}
=======

Identification and sequence analysis of the TgAPN2 gene
-------------------------------------------------------

The full-length *Tg*APN2 cDNA contains an open reading frame of 3,659 bp; the gene resides on chromosome X. An "HEXXH" motif (residues 529--922) and a DUF3485 sequence motif (residues 997--1217) were identified indeduced protein sequence using the Pfam algorithm in the SMART program (<http://smart.embl-heidelberg.de/>) and SWISS-MODEL program, respectively ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Structural prediction and evolutionary tree of *Tg*APN2. (A) The spatial protein structure was predicted using the SWISS-MODEL. (B) Residues H835, E835, H839 and E858 constitute the "HEXXH" domain of M1 aminopeptidases. Ligand: zinc ion. (C) Glutamic acid (1×). (D) Multiple-sequence alignment of the active sites (boxed region) and flanking amino acid sequences of proteins from the M1 protease family, including *T. gondii* APN, *P. falciparum* A-M1, *N. caninum* APN, and *H. sapiens* APN. *Tg*APN2 contains the "GAME" and "HEXXH" functional domains of the M1 protease family. (E) Evolutionary tree of *Tg*APN2. The predicted sequences of enzymes from *T. gondii*, *C. felis*, *E. acervuline*, *E. maxima*, *B. bigeminy*, and *N. caninum* APN1 enzymes were obtained from the ToxoDB database (<http://toxodb.org/toxo/>). Sequences of the *E. tenella* N1, *P. falciparum*, and *H. sapiens* enzymes were obtained from the NCBI protein database (accession numbers are given in parentheses). *Tg*APN2 was similar to APN from *N. caninum* (44.9% identity) and *S. neurona* (34.5% identity); the homology between *Tg*APN2 and *Pf*A-M1 was relatively low, only 20%.). In these enzymes HEXXH, where the Glu residues act to coordinate the catalytic zinc ion and the first glutamic acid residue is proposed to be one of the putative nucleophiles participating in the enzymatic reaction ([Fig. 1B and 1C](#fig_001){ref-type="fig"}). Multiple-sequence alignment of the active sites of the M1 protease family members revealed that *Tg*APN2 contains the functional domains of the M1 protease family, "GAME", and HEXXH ([Fig. 1D](#fig_001){ref-type="fig"}); the generated recombinant protein contained these two domains as well ([Fig. S1](#pdf_001){ref-type="supplementary-material"}).

These results indicated that the amino acid sequence of *Tg*APN2 was similar to homohexameric APN proteins, such as APN from *N. caninum* (44.9% identity) or *Sarcocystisneurona* (34.5% identity); however, the homology between *Tg*APN2 and *Pf*A-M1 was relatively low, only 20% ([Fig. 1E](#fig_001){ref-type="fig"}).

Expression of rTgAPN2
---------------------

r*Tg*APN2 protein containing an N-terminal His-tag was expressed as expected. The molecular mass of r*Tg*APN2 was 85 kDa, as assessed by SDS-PAGE. His-GST protein was used as a control ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.The expression of r*Tg*APN2 and verification of its activity. (A) SDS-PAGE analysis of the purified r*Tg*APN2. The molecular mass of r*Tg*APN2 with a His-tag was 85 kDa. GST was used as a control. (B) The catalytic activity of r*Tg*APN2. The activity of purified r*Tg*APN2 was evaluated using a specific ﬂuorescent substrate H-Ala-MCA. GST was used as a negative control. The plateau stage indicates a complete release of the substrate. (C) & (D) Michaelis-Menten enzyme kinetics. Enzymatic activity of purified r*Tg*APN2. An initial assay with different concentrations of the fluorogenic peptide substrates H-Ala-MCA and H-Arg-MCA is shown. One unit of activity is defined as the amount of MCA (pM) released per mg of recombinant protein. Data points indicate the mean activity ± SD (n=3).).

The activity of rTgAPN2
-----------------------

Previous studies demonstrated that APNs have a strict preference for Ala as the N-terminal amino acid residue. The activity of purified r*Tg*APN2 was therefore tested using a specific ﬂuorescent substrate, H-Ala-MCA. The purified protein exhibited a relatively catalytic activity in 50 mM Tris-HCl (pH 8.0). The negative control was GST protein ([Fig. 2B](#fig_002){ref-type="fig"}). Under the same conditions, the reaction catalyzed by r*Tg*APN2 exhibited the Michaelis-Menten kinetics with substrates H-Ala-MCA and H-Arg-MCA ([Fig. 2C and 2D](#fig_002){ref-type="fig"}).

The metal ion dependence of enzyme activity
-------------------------------------------

The effect of divalent metal ions on enzyme activity was next evaluated. H-Ala-MCA was used as a standard substrate to examine the protein's dependence on metal ions; the enzyme activity was inhibited by the addition of the bivalent metal cations Co^2+^, Mn^2+^, Fe^2+^, Ni^2+^, Mg^2+^, Ca^2+^, Cu^2+^ and Zn^2+^ ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Restoration of r*Tg*APN2 activity by divalent metal ions. r*Tg*APN2 was pre-incubated at 37°C for 30 min in 50 mM Tris-HCl supplemented with the specified metal chloride, and then the substrate (H-Ala-MCA, 0.1 mM final concentration) was added. (A) Enzyme activity in the presence of 1 *µ*M metal ions. (B) Enzyme activity in the presence of 0.1 *µ*M metal ions. (C) Different concentration of Zn^2+^ ions. (D) Enzyme activity in the presence of EDTA. The differences between samples were evaluated by Student's *t*-test (n=3). \**P*\<0.05, \*\**P\<*0.01.). To test whether a higher concentration of metal ions would further inhibit the activity of r*Tg*APN2, different concentration of Zn^2+^ ions were used in the reactions. The experiment revealed that the activity of the enzyme somewhat recovered with a decreasing concentration of metal ions; however, low Zn^2+^ concentration still significantly (*P*\<0.01) inhibited the activity of the enzyme ([Fig. 3B and 3C](#fig_003){ref-type="fig"}). EDTA competitively chelates divalent metal ions and inhibits the activity of some metal ion-dependent enzymes, e.g., human-APN (CD13) \[[@r14]\] and *Et*APN \[[@r7]\]. We speculated that the r*Tg*APN2 might have been activated by metal ions during production in the heterologous (prokaryotic) system. Therefore, the ability of EDTA to chelate the metal ions and inhibit r*Tg*APN2 activity was next examined. Different concentrations of EDTA were added to the reaction mixture; 1 mM EDTA significantly inhibited the activity of the recombinant protein compared with the untreated group (*P*\<0.05) ([Fig. 3D](#fig_003){ref-type="fig"}).

The pH dependence of rTgAPN2 activity
-------------------------------------

Next, the catalytic activity of the recombinant protein was evaluated at different pH values. The activity of r*Tg*APN2 was tested in 50 mM Tris-HCl buffers with the pH adjusted from 1 to11; the optimum enzyme activity was observed at pH 8.0. The enzyme also retained some activity at pH 3.0 ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.(A) pH dependence of r*Tg*APN2. Optimum enzyme activity was observed at pH 8.0. (B) Substrate specificity of r*Tg*APN2. One unit of activity is defined as the amount of MCA (pM) released per mg of recombinant protein. Relative r*Tg*APN2 activity is expressed as a percentage of activity with H-Ala-MCA. (C) The activity of r*Tg*APN2 is inhibited by bestatin and amastatin. r*Tg*APN2 was incubated with different concentrations of either bestatin or amastatin for 30 min before the addition of H-Ala-MCA. The residual enzyme activity was recorded and expressed as a percentage of the activity of enzyme incubated in the absence of inhibitors. The inhibitory effect of bestatin and amastatin on the aminopeptidase activity was dose-dependent.). This indicated that r*Tg*APN2 is active over a wide range of pH values.

Substrate specificity and enzyme kinetics of rTgAPN2
----------------------------------------------------

To characterize the enzymatic properties of r*Tg*APN2, its activity was measured in fluorescence assays with various peptidase substrates ([Fig. 4B](#fig_004){ref-type="fig"}). The initial reaction rate of r*Tg*APN2 with H-Ala-MCA was first calculated. Then, an r*Tg*APN2 fingerprint for MCA substrate specificity in comparison with H-Ala-MCA was obtained using a library of synthetic substrates. The preferred amino acids were Ala and Arg. r*Tg*APN2 also accommodated Gly, Leu, Phe, and Pro, while H-Lys-MCA and H-Trp-MCA substrates were cleaved at lower rates ([Figs. 4B](#fig_004){ref-type="fig"} and [S2](#pdf_001){ref-type="supplementary-material"}). The kinetic parameters of r*Tg*APN2 were determined using a panel of selected substrates ([Table 1](#tbl_001){ref-type="table"}Table 1.Kinetic parameters for the hydrolysis of peptide substrates by r*Tg*APN2Substrates*k*~cat~ (s^−1^)^a)^*K*~m~ (*µ*M)^a)^*k*~cat~/*K*~m~ (M^−1^ s^−1^)Arg-MCA6.73 ± 0.0012.15 ± 0.4583,367.30Ala-MCA6.02 ± 0.0026.34 ± 0.6431,004.90Leu-MCA2.73 ± 0.0374.35 ± 1.259683.40Gly-MCA1.54 ± 0.0097.80 ± 1.127220.40Met-MCA0.36 ± 0.17062.08 ± 5.19057.80Phe-MCA1.81 ± 0.18321.56 ± 6.23156.26Pro-MCA0.31 ± 0.14060.53 ± 10.8605.21a) Data represent means ± SD from three independent experiments.).

The inhibitors of rTgAPN2
-------------------------

Inhibition assays were then performed with the purified r*Tg*APN2 protein. The activity of r*Tg*APN2 was reduced in a dose-dependent manner in the presence of bestatin or amastatin. When the same concentrations of inhibitors were tested, the inhibitory effect of amastatin appeared to be slightly stronger than the inhibitory effect of bestatin ([Fig. 4C and 4D](#fig_004){ref-type="fig"}).

DISCUSSION {#s3}
==========

APN is a member of the M1 family of metalloproteases, which hydrolyzes N-terminal neutral (e.g., leucine and alanine) or basic (e.g., arginine and lysine) amino acid residues in oligopeptides or polypeptides. Such substrate diversity indicates a wide range of biological functions of APNs.

In this study, a novel *T. gondii* aminopeptidase belonging to the M1 metalloproteinase family was produced and purified in *E. coli*, and its biochemical characteristics were evaluated in a series of experiments. Although it was difficult to produce the full-length protein in *E. coli*, the enzymaticallyactive region of *Tg*APN2 was analyzed and successfully produced as a recombinant protein; the activity of the recombinant protein was then verified.

Based on protein sequence analysis, *Tg*APN2 contains a highly-conserved ion-binding motif and a catalytic motif \[[@r1]\]. These two motifs are characteristic for all M1 family aminopeptidases. Most APNs are thought to be zinc-dependent metalloproteinases \[[@r2], [@r25]\]. We previously produced a family of metalloproteinases in *E. coli*, demonstrating that these proteases were metal-dependent \[[@r11], [@r29]\]; i.e., recombinant aspartyl aminopeptidase (r*Tg*AAP) and leucyl aminopeptidase (r*Tg*LAP) of the *T. gondii* had some activity in the absence of added metal ions, and the addition of metal ions improved their activity. As shown in the current study, *Tg*APN2 is somewhat different from r*Tg*AAP and r*Tg*LAP. Purified r*Tg*APN2, produced in *E. coli*, did not require the addition of metal ions for activity and the addition of low concentration of zinc ions inhibited its activity. Some Zn^2+^ metalloproteases acquire zinc ions during the process of production in prokaryotic systems, and a subsequent addition of zinc ions significantly inhibits their activity \[[@r13]\]. We hypothesize that r*Tg*APN2 may also bind Zn^2+^ metal ions during prokaryotic expression and purification. If that were the case, the enzymatic activity would be decreased after the addition of a metal chelator, EDTA. Indeed, EDTA inhibited the activity of r*Tg*APN2. Thus, *Tg*APN2 is likely to be a Zn^2+^ metalloprotease from the M1 family. Protein expression in eukaryotic systems, e.g., yeast, might yield different results. We are planning to explore the activity in follow-up experiments.

*Pf*A-M1 is essential for protein metabolism and plays an important role in the digestion of host hemoglobin into free amino acids \[[@r16]\]. *Pf*A-M1 exists in three soluble forms, p120, p96 and p68, localized in different parts of the *Plasmodium* cell. Protein p68 is marginally delivered into the food vacuole at trophozoite stages, but is not in a direct contact with the parasite cytoplasm \[[@r4]\]. In fact, the intravacuolar pH of the food vacuole can decline from 7 to 3 \[[@r8]\], and studies show that the optimal pH for *Plasmodium falciparum* APN activity is 7.4. We found that r*Tg*APN2 was active in the 3--10 pH range, suggesting that M1 family aminopeptidases share some common features.

*Pf*A-M1 is used as an exciting target for novel anti-malarial drugs \[[@r24]\]. Unlike *P. falciparum*, there are three APN-encoding genes in *T. gondii* genome. These three genes that belong to the M1 family aminopeptidases are located on different chromosomes of *T. gondii*, named APN1, APN2 and APN3 according to the previous report \[[@r10]\], respectively. So, they may or not have a common effect. Therefore, to develop anti-*Toxoplasma* drugs, it is important to understand the functions of each *Tg*APN. The current study demonstrated that the short-segmented r*Tg*APN2 protein retained appreciable enzymatic activity, with a broad substrate specificity for unnatural amino acids. Ala is considered to be the most suitable substrate for the M1 family aminopeptidases in *P. falciparum* \[[@r6]\]. Here, similar results were obtained with the *T. gondii* enzyme, with r*Tg*APN2 being highly active toward H-Ala-MCA; however, the activity of r*Tg*APN2 was even higher with H-Arg-MCA. By contrast, the activity of *E. tenella* aminopeptidase with H-Ala-MCA and H-Arg-MCA is substantially the same \[[@r7]\]. This suggests that the substrate preference of *Tg*APN2 may have its own characteristics.

The involvement of aminopeptidase activities during *Plasmodium* species development was initially illustrated using bestatin \[[@r17]\], a well-known broad-spectrum inhibitor of aminopeptidases. And *E. tenella* aminopeptidase N 1 (*Et*APN1) is likely the most significant target of bestatin in *E. tenella* sporozoites, but for r*Et*APN1, the inhibitory effect of amastatin was higher than that of bestatin \[[@r10]\]. This phenomenon is also reflected by our experimental results: the inhibitory effect of bestatin on r*Tg*APN2 was dose-dependent, bestatin did not completely inhibit r*Tg*APN2, and the inhibitory effect of amastatin was to some extent greater than that of bestatin. For human Aminopeptidase N (APN/CD13), An IC50 of 9.0 mM was determined for amastatin which is higher than that of bestatin (IC50=16.9 mM) \[[@r22], [@r26]\].

We propose that *Tg*APN2 is also involved in parasite development and plays a role similar to that of *Pf*A-M1. But it is noteworthy that *Plasmodium* and *Cryptosporidium*, in contrast to *Toxoplasma*and *Eimeria*, have only one aminopeptidase enzyme of the M1 family. Complementary phylogenetic analysis should be carried out to determine if gene duplication occurred in these parasites. Given the above, to understand the biochemical characteristics of *Tg*APN2, to be more targeted to design anti-*Toxoplasma* drug target.
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